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NADPH Oxidase-2 and Atherothrombosis

Insight From Chronic Granulomatous Disease

Francesco Violi, Roberto Carnevale, Lorenzo Loffredo, Pasquale Pignatelli, John I. Gallin

Abstract—The phagocytic cell enzyme NADPH oxidase-2 (Nox2) is critical for killing micro-organisms via production of

reactive oxygen species and thus is a key element of the innate immune system. Nox2 is also detectable in endothelial
cells and platelets where it has vasoconstrictive and aggregating properties, respectively. Patients with X-linked chronic
granulomatous disease with hereditary Nox2 deficiency not only have impaired bacterial killing but, in association with
loss of Nox2 function, also have enhanced carotid artery dilation, impaired platelet-related thrombosis, and reduced
carotid atherosclerotic burden. Experimental studies corroborated these reports in chronic granulomatous disease by
demonstrating (1) Nox2 is upregulated in atherosclerotic plaque, and this upregulation significantly correlates with
oxidative stress and (2) pharmacological inhibition of Nox2 is associated with a delayed atherosclerotic progression
in animal models. Furthermore, the role of Nox2 in platelet-associated thrombosis was substantiated by experiments
showing impaired platelet activation in animals treated with a Nox2 inhibitor or impaired.platelet: aggregation along
with reduced platelet-related thrombosis in the mouse knockout model of Nox2. Interestingly, in-chronic granulomatous
disease patients and in the mouse knockout model of Nox2, no defects of primary hemostasis were detected. This review
analyses experimental.and.clinical data.suggesting.Nox2.is-a-potential target.for.counteracting. the atherothrombotic
process. (Arterioscler Thromb Vasc Biol. 2017;37:00-00. DOI: 10.1161/ATVBAHA.116.308351.)
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Atherothrombosis encompasses a sequence of events
whose hallmarks are atherosclerotic plaque formation
and the ensuing thrombotic complications at sites of plaque
rupture or erosion.! Key steps in the atherosclerosis process
include accumulation and oxidation (of low-density lipopro=
teins (LDLs) by reactive oxygen species (ROS) within the
artery wall and perpetuation of the inflammatory_process via
infiltration of monocyte—macrophages, which /become ‘foam
cells on uptake of oxidized LDL.! The atherosclerosis process
eventually can result in rupture or erosion of the arterial wall
with subsequent platelet aggregation locally and thrombus
formation, known as atherothrombosis, resulting in occlu-
sion of blood flow and downstream cellular damage. ROS
are implicated in the process of atherothrombosis with other
mechanisms including arterial dysfunction via NO inactiva-
tion or NO synthase inhibition and platelet activation via over-
expression of platelet eicosanoids and platelet NO inhibition.?

Among the enzymatic pathways involved in ROS forma-
tion, NADPH oxidase (Nox) is among the most important
cellular producers of ROS.> The Nox family includes sev-
eral isoforms including the phagocytic Nox2, which is a key
component of the innate immune system because it greatly
contributes to bacterial killing.* Nox2 is a transmembrane pro-
tein whose gp91P™* and gp22P"* subunits form a membrane-
bound heterodimeric flavocytochrome b558, which acts as a

catalytic core. Nox2 was originally identified in phagocytes,
but subsequent studies demonstrated that it is also expressed
in | endothelial cells, | cardiomyocytes, hematopoietic stem
cells;rand platelets.> Activation of Nox2 requires transloca-
tion of cytosolic subunits, namely, p47°™*, p67ehox, pdQphox
and Racl to the membrane flavocytochrome b558 complex
comprising gp91°1* and p22r*3. Once assembled, Nox2 acti-
vation results in electron reduction of oxygen to superoxide
anion O,), which rapidly dismutes to hydrogen peroxide and
then is converted by neutrophil myeloperoxidase to hypo-
chorous acid (bleach) and then to chlorine. These products
are all potent antimicrobial agents.’ In other cells, ROS exert
different activities.®> For example, O, can rapidly react with
and inactivate NO thereby impairing its vasodilating property
and hydrogen peroxide, reportedly possesses vasodilating and
platelet aggregating properties.®

Patients with the clinical syndrome resulting from loss
of function of Nox2, chronic granulomatous disease (CGD),
have increased propensity to infection with certain bacteria.*
CGD is caused by mutations in any of the 4 genes encoding
subunits for superoxide anion generation.* Approximately
60% CGD patients have hereditary deficiency of the Nox?2
subunit glycoprotein gp917h* (X-linked CGD), =30% have
autosomal recessive hereditary deficiency of the Nox2 subunit
p47P* and most of the remainder of patients have autosomal
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Nonstandard Abbreviations and Acronyms
CGD chronic granulomatous disease

FMD flow-mediated dilatation

LDL low-density lipoprotein

Nox NADPH oxidase

o, superoxide anion

ROS reactive oxygen species

recessive deficiency of the Nox2 subunits p67°™* and p22Phx,
Although X-linked CGD is complicated by life-threatening
infections consequent to severe impairment of ROS forma-
tion,* hereditary deficiency of p47°"* displays less marked
reduction of ROS production, milder infectious disease, and
longer survival.” Importantly, investigation of X-linked CGD
patients have provided a clinical model that can be used to test
the hypothesis derived from observations in these patients and
from experiments with mouse knockouts lacking Nox2, sug-
gesting a role for the phagocytic Nox2 in the atherothrombosis
and its clinical sequelae.®'> Here, we review the experimen-
tal and clinical studies that explored the relationship among
Nox2, atherosclerosis, and thrombosis in both humans and
mice. The published data suggest that Nox2 represents a novel
target for developing drugs to'potentially prevent and treat
atherosclerosis and its vascular complications.

Nox2 and Atherosclerosis: Experimental and
Clinical Studies

Studies in knockoutianimals lacking either Nox1 and Nox2
have suggested that these isoforms modulate artery vasodila-
tion by interfering with NO bioavailability."*!'* These findings
have been reinforced by investigating;3 patients with X+linked
CGD flow-mediated dilatation (FMD)), which 1s an‘ischemia—
reperfusion model-dependent on endothelial release of NO:**
We speculated that_in Nox2_deficiency, impaired._inactiva-
tion of NO would result in enhanced NO bioavailability and
arterial dilatation. Consistent with this hypothesis, FMD was
enhanced in the 3 X-linked CGD and blunted by IV injection
of .-NAME, an inhibitor of NO synthase."

The results of this FMD pilot study were corroborated
by a multicenter trial in CGD patients. Compared with con-
trols, FMD was significantly increased in CGD patients with
gp91rox or p47eher deficiency,®'¢ with a more marked artery
vasodilation in patients with gp91rh>* deficiency.'® The rela-
tionship between Nox2 and artery dilation was confirmed in
another model of ischemia—reperfusion, which is character-
ized by impaired artery dilatation on 20-minute ischemia of
upper limb followed by reperfusion'’; this phenomenon was
not observed in patients with CGD."”

Relevant to the vasoconstrictive effect of Nox2 was the
significant reduction of urinary excretion of 8-iso-PGF2a and
the increased serum nitrite/nitrate in CGD patients, suggest-
ing that Nox2 is implicated in 8-iso-PGF2a production and
NO downregulation.®'s Thus, there are at least 2 mechanisms
potentially contributing to Nox2-dependent artery vasocon-
striction, one being related to impaired NO biosynthesis and
activity and the other to overproduction of 8-iso-PGF2a,

which is present in human atherosclerotic plaque and might be
vasoconstrictive® (Figure 1). Further study is, however, neces-
sary to assess how oxidant species orchestrate artery motility
because other vascular Nox isoforms have opposite effects.
Thus, the vascular wall contains several Nox isoforms, such
as Nox1, Nox4, and Nox5, which may influence arterial motil-
ity." Nox4 produces H,0,, which has a vasodilating effect via
eNOS activation,"” and animal studies showed that genetic
deletion of Nox4, unlike Nox2 deletion, leads to endothelial
dysfunction and increased atherosclerosis burden.*

An interesting finding of the CGD study was the signifi-
cant reduction of carotid intima—media thickness,® which is a
surrogate marker of atherosclerosis, as detected by Doppler
ultrasonography?'; this finding was observed in children® and
later confirmed in an adult cohort of female carriers of gp9 17
deficiency.” Using a more sophisticated diagnostic approach,
that is, magnetic resonance imaging and computed tomog-
raphy, Sibley et al'® extended, these preliminary reports by
demonstrating that adult CGD patients; compared with age-
and sex-matched healthy control subjects, had a 22% lower
internal carotid artery wall volume with a similar reduction
detected in both p47°"**- and gp91Ph*-deficient subtypes.'* In
contrast, the prevalence of coronary arterial calcification was
similar between patients with CGD and controls. In another
clinical study of CGD patients, Leiding et al** reported that
p47phox-deficient patients, whose phagocytes make a small
amount of residual ROS, have more cardiovascular disease
than patients with gp9lphox deficiency in whom impaired
ROS production is more severe.

Analysis of the activity and expression of Nox2 in human
atherosclerotic plaque consistently demonstrated an upregula-
tion of the enzyme or its subunits in the atheroma from carotid
and coronaryarteries. In-an jexperimental model of carotid
lesion induced by flow ‘eessation, Khatri et al** demonstrated
that; in - transgenicmice overexpressing the Nox subunit
p22rhex, progression of carotid artery lesions was more marked
compared with lesions in wild-type mice; this effect was miti-
gated-by the antioxidant ebselen. In.coronary sections from
human autopsy cases Azumi et al®® showed that in nonath-
erosclerotic coronary arteries, p22P"* was also expressed but
weakly and mainly in the adventitia. Conversely, in athero-
sclerotic coronary arteries, p22P"* was overexpressed in the
neointimal and medial smooth cells and in infiltrating macro-
phages in hypercellular regions at the border of atheromatous
plaques.” Furthermore, Guzik et al*® showed enhanced super-
oxide production in coronary arteries from patients with coro-
nary heart disease in association with upregulation of p22phe
and gp91P™*, suggesting that both these subunits contribute to
oxidative stress in human coronary atherosclerotic lesions.?

Further evidence for an association between Nox2 activity
and atherosclerotic progression was established in experimen-
tal knockout mouse models of gp91°" deficiency and ApoE,
which predisposes to atheroslerosis. Judkins et al'' developed
a double knockout, generating genetically related strains of
gp91P¥/ApoE”~ mice compared vascular ROS produc-
tion, NO bioavailability, and atherosclerotic plaque forma-
tion along the ascending and descending segments of the
aorta in the ApoE~~ single-knockout mice and in gp91phox-"/
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Figure 1. Role of NADPH oxidase-2 (Nox2) in the atherosclerotic process. Nox2 is expressed in the artery wall where,’if upregulated, can
elicit vasoconstriction via inhibition-of-NO activity and-biosynthesis. Moreoyver, Nox2 activity can induce adhesion and chemoattractant
molecule upregulation, NO downregulation, and isoprostane overproduction, which contribute to artery. wall inflammation and eventually
atherosclerosis. AA indicates arachidonic acid; ICAM, intercellular adhesion molecule; LDL, low-density lipoprotein; MCP-1, ; Ox-LDL,
oxidized low-density lipoprotein; O2 superoxide anion; VCAM, vascular cell adhesion molecule; and VSMC, .

ApoE~~ double knockout. gp91P**»/ApoE~- mice-disclosed
a profound reduction in superoxidesproduction, ‘a significant
improvement in NO bioavailability, and markedly less athero-
sclerotic plaque burden along the length of the aorta compared
with ApoE~~ mice.!! Of note, this experimental model was not
associated to any change in atherosclerotic lesion of the aor-
tic sinus, which is consistent with a previous similar study by
Kirk et al,”” suggesting that Nox2 might not be involved in
the atherosclerotic process of this specific area. The relation-
ship between Nox2 and atherosclerosis was also evidenced by
investigating the mouse knockout for the cytosolic Nox2 sub-
unit p47°*, These animals displayed less adventitia fibroblast
proliferation and reduced atherosclerotic lesions.?®? However,
in another publication crossing p47phox deficient mice with
ApoE~ mice, Hsich et al*® reported no effect preventing the
progression of atherosclerosis although in this experimental
model the superoxide reduction in the p47phox-deficient mice
was only 50%.

Pharmacological interventions with Nox2 inhibitors
also support a role for Nox2 in the atherosclerotic process.
In ApoE™" mice treated with Nox2ds-tat, which binds to
the p47P* subunit and prevents its interaction with the core

membrane-integrated cytochrome b558 protein, Quesada et
al’""demonstrated delayed progression of the atheromatous
plaques and inhibition of vascularization, thus reversing vas-
cular pathology arising with atherosclerosis. Furthermore,
in mice deficient for both LDL receptors and Apobec-1, Liu
et al*> demonstrated that apocynin, a molecule that impairs
p47Px translocation to the membrane subunit Nox2, dose
dependently lowered total monocyte plaque accumulation,
platelet adhesion, and atherosclerotic progression.?! In the
same publications, animals prone to atherosclerosis were also
characterized as having impaired artery elasticity, which was
reversed by apocynin treatment.*

There are still several open issues about the role of Nox2
in atherosclerosis. Nox2 is expressed by vascular cell sub-
types such as endothelial cells, smooth muscle cells, and
adventitia,® but it remains to be clarified whether activation
of Nox2 by specific vascular sources is implicated in ath-
erosclerosis. For instance, adventitial cells are an important
source of Nox2-derived superoxide anion formation, which
may have a role in the atherosclerotic process as suggested by
more pronounced immunoreactivity of p22phox in the adven-
titia of human atherosclerotic coronary arteries compared with
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Figure 2. Role of NADPH oxidase-2 (Nox2) in the thrombotic process. Nox2 is expressed on platelets, where, if upregulated, facilitates

platelet aggregation via formation of oxidant species, such as H,0,, 8-iso-PGF2a, and ox-LDL, or NO inactivation and then induces
platelet-leukocyte interaction. AA indicates arachidonic acid; LDL Iow density lipoprotein; Ox-LDL, oxidized low-density lipoprotein; 02,

superoxide anion; and SOD, .

nonatherosclerotic ones.”~* However, data about a role for vas-
cular smooth muscle and adventitial cell. Nox2expression and
atherosclerosis are-still-undefined; conversely, 1- experimen-
tal study demonstrated that upregulation-of endothelial Nox2
favors endothelial dysfunction and athérosclerosis-** Thus, in
mice overexpressing endothelial Nox2, an early increase of
endothelial activation and macrophage accumulation within
the subendothelium layer were detected compared with con-
trols, whereas no difference=in either atherosclerotic plaque
area or in plaque progression was detected in aged animals.®

Prospective studies should investigate the impact of Nox2
deficiency on human atherosclerosis progression. This would
be particularly useful in view of the fact that chronic infec-
tion and inflammation associated with CGD could counteract
the antiatherosclerotic effects in Nox2 deficiency. However, in
adults with complete or partial deletion of Nox2 CGD carotid
thickness, as assessed by magnetic resonance imaging or
Eco-Doppler ultrasound, was significantly reduced indepen-
dently from the coexistence of atherosclerotic risk factors or
systemic inflammation.'®?? The disassociation of loss of Nox2
function and increased atherosclerosis risk suggests that loss
of Nox2 function prevents or retards atherosclerosis progres-
sion even in a disease such as CGD. Experimental and clinical
studies of p22phox polymorphism also support this hypoth-
esis. For example, C242T single-nucleotide polymorphism
causes changes of p22phox, which results in impaired Nox2
activation and reduced endothelial oxidative stress***’ and,
in coronary heart disease patients, is associated with a lower
recurrence of cardiovascular events compared with homozy-
gous carriers of C allele.*®

Delineation of the exact mechanism by which Nox2 relates
to atherosclerosisyrequires further investigation. In addition
to eliciting artery dysfunction-via oxidative stress induced
by ROS-products, Nox2-derived oxidative stress may also
activate mechanisms that are/suggested to play a role in the
atherosclerotic processi.For’example, endothelial activation,
monocyte migration into the vessel wall, and vascular smooth
muscle cell'proliferation are alllimportantiin the pathogenesis
of atherosclerosis (Figure 1). Nox2-derived oxidative stress
may, in fact, elicit expression of adhesion molecules, such as
vascular cell adhesion molecule, intercellular adhesion mol-
ecule, and E-selectin, and the chemoattractant MPC1, which
promote monocyte adhesion, migration, and accumulation in
the subendothelium® (Figure 1). Of interest is the interplay
between Nox2 and adhesive molecules in mice lacking the
Nox2 cytoplasmic subunit p47°**. In these p47 P** knockout
mice, tumor necrosis factor-a failed to induce expression of
intercellular adhesion molecule-1 in coronary microvascular
endothelial cells.* In other studies both in animal and human
models, ROS elicit expression of vascular cell adhesion mol-
ecule-1, which serves as a scaffold for leukocyte migration
and a trigger for endothelial signaling via inducing Nox2
activation.*

Nox2-derived oxidative stress may also promote athero-
sclerosis via NO downregulation and isoprostane overexpres-
sion. NO downregulation is relevant for the atherosclerotic
process as demonstrated in mouse models where it prevents
leukocyte adhesion to vascular endothelium and leukocyte
migration into the vascular wall and inhibits vascular smooth
muscle cell proliferation.*! Also, formation of isoprostanes
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Figure 3. Hypothetical role of NADPH, oxidase-2 (Nox2) in.the process.of atherothrombosis and potential therapeutic strategies. Once
generated by the cytosolic subunits Rac1, p40P",/p67P % and p47rix-assembly to the membrane-subunits gp91ehox/p22rhox and resulting
O'z' yields vasoconstriction, low-density lipoprotein (LDL) oxidation, and platelet-related thrombosis. Potential inhibitory strategies include
direct inhibition of the Nox2 catalytic core or inhibition of the cytosolic subunits such as Rac1 and p47°™. EC indicates ; and eNOS,

induces mitogenesis.of vascular smooth muscle cells, prolif-
eration of fibroblast and endothelial.cells, and overexpression
of endothelin 1 in mouse aortic endothelial cells.*> Moreover,
thromboxane receptor blockade, with downregulation of
isoprostane activity, improves the antiatherogenic effect of
thromboxane inhibition in LDL receptor—deficient mice.*

Nox2 and Thrombosis: Experimental and
Clinical Studies
Several studies consistently demonstrated a key role for ROS
in eliciting platelet activation and aggregation.*** Indirect
support for the role of Nox2 in platelet aggregation was pro-
vided by experiments on human platelets incubated in vitro
with antioxidants such as diphenyleneiodonium, apocynin, or
a specific Nox2 inhibitor, which inhibited platelet aggrega-
tion by downregulating calcium mobilization and GPIIb/Illa
activation.* Further studies documented that human plate-
lets express Nox2, and human platelets from patients with
Nox2 hereditary deficiency have almost complete absence
of superoxide anion formation.* Platelet Nox2 is function-
ally relevant as indicated by ex vivo experiments performed
in platelets from healthy subjects. Thus, platelet recruitment

and thrombus growth by blood perfusion at the wall shear
raterof 1500 s(7!), which/ mimics thrombus growth in vivo,
are influenced by ROS and, in particular, by 8-iso-PGF2a.,’
a chemically stable eicosanoid that induces platelet aggre-
gation via thromboxane A, receptors.* Aggregation of
platelets obtained from CGD patients was significantly
reduced in association with impairment of 8-iso-PGF2a
production. Addition of 8-iso-PGF2a or .-NAME improved
platelet recruitment in CGD patients, suggesting platelet
8-is0-PGF2a and NO activity/biosynthesis inhibition as 2
potential mechanisms accounting for Nox2 proaggregating
property’ (Figure 2). These data were confirmed by Walsh et
al'? in an ex vivo perfusion analysis of Nox2 knockout mouse
where collagen-induced thrombus formation at arterial shear
was significantly impaired.

In studies of collagen-induced platelet aggregation, Nox2
was shown to be associated with rapid superoxide anion con-
version to H,O,, which activates platelets via intracellular cal-
cium mobilization*’; catalase, an enzyme that destroys H,O,,
inhibited platelet aggregation in this model.** Downstream
effects of H,O,-induced calcium mobilization include produc-
tion of thromboxane A, A, via arachidonic acid release from
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platelet membrane and a thromboxane-independent mecha-
nism occurring via PLC upregulation.*

The interplay between Nox2 activation and H,O, pro-
duction in the process of platelet activation was demon-
strated by Dayal et al, who investigated thrombotic events
in wild-type C57BL/61 mice or mice overexpressing glu-
tathione peroxidase-1, another enzyme that detoxifies cel-
lular H,0,.*” Mice overexpressing glutathione peroxidase-1
compared with wild-type mice had a longer time to artery
occlusion and a lower susceptibility to venous thrombo-
sis.® A similar inhibitory effect was observed in mouse
control platelets treated with apocynin, indicating that
H,0,-mediated platelet activation was dependent on Nox2
regulation. Accordingly, H,O, overproduction by platelets
was associated with significantly higher levels of mRNA for
the catalytic subunit Nox2 and the cytosolic subunit p47°ox
but not for Nox1 and Nox4.°

Oxidation of LDL by platelets may represent another
mechanism through which Nox2 activates platelets (Figure 2).
Thus, in a medium containing LDL, human activated platelets
are able to form oxidized LDL, which in turn propagates plate-
let activation and enhances thrombus size in an ex vivo model
of shear-induced thrombosis.* Both these effects, that is, LDL
oxidation by activated platelets and shear-induced thrombosis
growth, were impaired in samples from CGD patients.*

The key role of Nox2 in_platelet-related thrombosis has
been confirmed recently in a mice model of Nox2 deficiency
by Delaney et al.* Comparing NOX 1 and NOX22 knock-
out mice, the authors found that, although platelet ROS gen-
eration was defective.in both knockouts, laser-induced arterial
thrombosis was impaired ini NOX2%" but not in NOX 1™
mice. Wild-type thrombocytopenic mice injected with
Nox2" platelets also showed defective arterial thrombesis:
Interestingly, bleeding time was'not affected in Nox2"> mice,
suggesting a role-for-INox2-in-thrombosis-but-not-in-hemo-
stasis.* This finding is in keeping with our previous report
demonstrating that, despite impaired platelet eicosanoid bio-
synthesis, CGD patients are not‘at increased risk of bleed-
ing.? Platelet Nox2 is also relevant in the process of vascular
occlusion occurring in the inflammation-related thrombosis
disease; thus, Kim et al®® demonstrated a key role of Nox2 for
platelet—neutrophil interactions during vascular inflammation
induced by tumor necrosis factor-a.

Nox2 and Vascular Disease
To study Nox2 activity in CGD patients and in patients at risk
of cardiovascular disease, we developed an immunoassay,
which measures a portion of Nox2 detectable in the superna-
tant of agonist-stimulated cells and in serum.’! Blood analy-
ses of this peptide demonstrated that *90% of Nox2 stems
from stimulation of leukocytes, lymphocytes/monocyte, and
platelets, indicating that this assay reflects prevalently ex vivo
Nox2 activation by blood cells.’! In accordance with this, we
found that patients with X-linked CGD had lower blood levels
of Nox2 compared with healthy subjects.’! We also investi-
gated the relationship between Nox2 and cardiovascular dis-
ease in cross-sectional and prospective studies. Thus, Nox2
has been shown to be upregulated in patients with several

risk factors, such as hypercholesterolemia, obesity, smok-
ing, hypertension, and diabetes mellitus.> Interestingly, an
early increase of Nox2 activity has been detected in children
affected by hypercholesterolemia® and obesity? coincidentally
with intima—media thickness increase and lowered FMD 31622

Prospective study suggested that Nox2 activity might be
predictive of cardiovascular diseases. Thus, in 1002 atrial
fibrillation patients on treatment with oral anticoagulants,* a
significantly increased cumulative incidence of fatal and non-
fatal cardiovascular events was observed across tertiles for
Nox2 activity with a higher incidence of events in patients
with elevated Nox2 activity.”> This study, however, did not
prove a cause—effect relationship between Nox2 activation
and cardiovascular disease. Randomized controlled trials with
Nox2 inhibitors are necessary to demonstrate that such inter-
plays may occur in vivo.

Therapeutic Perspectives and Conclusions
Investigation on CGD patients makes:it possible to postulate
mechanisms through which Nox2 might be involved in the
atherosclerotic and thrombotic processes. Nox2-derived O is
vasoconstrictive and may be implicated in the artery dysfunc-
tion in the early phase of atherosclerosis (Figure 3). Later on,
Nox2-derived O could contribute to atherosclerotic plaque
via endothelial activation, oxidation of LDL, and its uptake by
macrophages™ and eventually vascular occlusion by eliciting
platelet activation and thrombus growth® (Figure 3). On the
basis of these findings, it would be tempting to suggest Nox2
as 'a novel target for atherosclerotic disease, but it is a mat-
ter of concern whether Nox2 downregulated in humans would
have negative effects on the innate immune system. The simi-
lar platelet aggregation inhibition detected in X-linked CGD
Nox2 carriers-versusypatients with X-linked CGD suggests
that <50% -Nox?2 inhibition jis a reasonable therapeutic goal
to inhibit platelet function without an-increased risk of bleed-
ing. Similarly, X-linked carriers of CGD are not susceptible to
increased infection except in settings of extreme lyonization
of the X chromosome when =5% of-the neutrophils are nor-
mal.>* Alternatively, Nox2 downregulation could be achieved
via inhibition of its cytosolic subunit p47°"*, which has less
negative impact on the innate immune system as indicated by
the more favorable clinical history of patients with this heredi-
tary deficiency of the disease.” Finally, inhibition of another
cytosolic subunit, Racl, may represent an interesting option
as documented by statin treatment, which is associated with
Racl downregulation and impaired Nox2-derived oxidative
stress and platelet activation.”

In conclusion, there is a growing body of experimental
and clinical evidence to suggest Nox2 as a good potential tar-
get to counteract the process of atherothrombosis. Inhibition
of Nox2 would have the peculiarity to positively interfering
with the thrombotic process without affecting hemostasis.
Therefore, interventional studies with Nox2 inhibitors are
warranted to assess the clinical validity of this therapeutic
approach in patients at risk or with cardiovascular events.
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Highlights

NADPH oxidase-2 (Nox2) is an enzyme of the innate immune system“that contributes to bacteria killingvia production of reactive oxygen spe-

cies.

Nox2 is present not only in leucocytes but also in platelets and endothelial cells in which it exerts proaggregating and vasoconstrictive activi-

ties, respectively.

Patients with chronic granulomatous disease, which is,associated with Nox2 hereditary. deficiency, display impaired platelet activation, en-
hanced artery vasodilation, and lowered atherosclerotic burden. Similar findings have been reported-in’Nox2 animal knockout.
Nox2 may represent a novel target for counteracting atherothrombosis.



http://atvb.ahajournals.org/

/702 ‘6T Atenuer uo 15enb Ag /Bio's[eunofeuye gate//:dny wouy pspeojumoq

Arteriosclerosis, O =
Th_rombOSI.S, and Association.
Vascular Biology

JOURNAL OF THE AMERICAN HEART ASSOCIATION

NADPH Oxidase-2 and Atherothrombosis: Insight From Chronic Granulomatous Disease
Francesco Violi, Roberto Carnevale, Lorenzo Loffredo, Pasquale Pignatelli and John . Gallin

Arterioscler Thromb Vasc Biol. published online December 8, 2016;
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association, 7272
Greenville Avenue, Dallas, TX 75231
Copyright © 2016 American Heart Association, Inc. All rights reserved.

Print ISSN: 1079-5642. Online | SSN: 1524-4636

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://atvb.ahajournal s.org/content/early/2016/12/08/ATVBAHA.116.308351

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Arteriosclerosis, Thrombosis, and Vascular Biology can be obtained via RightsLink, a service of the
Copyright Clearance Center, not the Editorial Office. Once the online version of the published article for
which permission is being requested is located, click Request Permissions in the middle column of the Web
page under Services. Further information about this process is available in the Permissions and Rights
Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.Ilww.com/reprints

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular Biology is online

at:
http://atvb.ahajournal s.org//subscriptions/



http://atvb.ahajournals.org/content/early/2016/12/08/ATVBAHA.116.308351
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://atvb.ahajournals.org//subscriptions/
http://atvb.ahajournals.org/



